Resistance to inhibitors of cholinesterase (Ric)-8A is a guanine nucleotide exchange factor for Ga i , Ga q , and Ga 12/13 , which is implicated in cell signaling and as a molecular chaperone required for the initial association of nascent Ga subunits with cellular membranes. Ric-8A, Ga i subunits, and their regulators are localized at the midbody prior to abscission and linked to the final stages of cell division. Here, we identify a molecular mechanism by which Ric-8A affects cytokinesis and abscission by controlling Vps34 activity. We showed that Ric-8A protein expression is post-transcriptionally controlled during the cell cycle reaching its maximum levels at mitosis. A FRET biosensor created to measure conformational changes in Ric-8A by FLIM (Fluorescence Lifetime Imaging Microscopy) revealed that Ric-8A was in a close-state during mitosis and particularly so at cytokinesis. Lowering Ric-8A expression delayed the abscission time of dividing cells, which correlated with increased intercellular bridge length and multinucleation. During cytokinesis, Ric-8A co-localized with Vps34 at the midbody along with Ga i and LGN, where these proteins functioned to regulate Vps34 phosphatidylinositol 3-kinase activity.
Introduction
In the canonical G-protein signaling, agonist binding to a Gprotein coupled receptor (GPCR) triggers G alpha subunits (Ga) to exchange GDP for GTP resulting in a functional dissociation of the Ga subunit from its associated G beta-gamma (Gbc) heterodimer [1] . This leads to the activation of downstream intracellular effector enzymes that mediate cellular responses. In non-canonical G-protein signaling, the guanine exchange factor (GEF) activity exerted by the GPCR is replaced by the action of intracellular GEFs such as Ric-8A. Ric-8A is a guanine nucleotide exchange factor for Ga i , Ga q , and Ga 12/13 [2] and serves as a molecular chaperone required for the initial association of nascent Ga subunits with cellular membranes [3] . Ric-8A is a highly conserved cytosolic protein initially identified in C. elegans [4] , whose functions include a regulatory role during model organism asymmetric cell division [5] [6] [7] and recruitment of a cortical signaling complex that helps to orient the mitotic spindle in human cells [8] . Both the canonical and non-canonical pathways utilize Regulator of G-protein Signaling (RGS) proteins to enhance the intrinsic GTPase activity of Ga i [9] .
In non-canonical pathways, Ga subunits are often paired with proteins containing one or more conserved GoLoco (Ga i/o -Loco interaction) motifs, also known as GPR or ''G-protein regulatory'' motifs), which acts as a Guanine Dissociation Inhibitor (GDI) much like Gbc does in the canonical pathway [9] . A GoLoco protein Partner of Inscuteable (Pins) forms an apical protein complex essential for Drosophila neuroblast asymmetric cell division [10] . In humans, mutations in the GoLoco protein GPSM2 (also known as LGN) cause brain malformations and hearing loss in the Chudley-McCullough syndrome [11] . The noncanonical G-protein signaling proteins Ric-8A and LGN localize at the midbody during cytokinesis with Ga i and RGS14 [8, 12, 13] and interference with Ga i expression or with Ga i nucleotide exchange prolongs cytokinesis [13] . Cytokinesis is the final step of the cell cycle leading to the physical separation of the dividing cells. Failure in cytokinesis has been shown to promote tetraploidy, aneuploidy and tumourigenesis [14] .
In the present study, we identified a molecular mechanism by which non-canonical G-protein signaling proteins, particularly Ric-8A, affects cytokinesis and abscission by controlling Vps34 activity.
Materials and Methods

Reagents, Antibodies, Plasmids and siRNA
Hoechst 33342 (Invitrogen) was used at a concentration of 100 ng/ml, PTX (Calbiochem) was used at 200 ng/ml. MG132, Nocodazole, Roscovitine and Olomoucine were purchased from Sigma and used at 1 mM. Primary antibodies used for western blotting were the following: anti Actin-HRP conjugated (Sigma, 1:20,000), anti GFP (Cell Signaling, 1:1,000), anti cyclinB1 (Cell Signaling, 1:1,000), anti phospho-p190-progesterone receptor (Invitrogen, 0.5 mg for IP), anti-ubiquitin K63 linked-HRP conjugated (Enzo, 1:1,000); anti total ubiquitin-HRP conjugated (Santa Cruz, P4D1, 1:1,000); anti-Ga i3 rabbit polyclonal (Santa Cruz, 1:500), anti-Gb 1 rabbit polyclonal (Santa Cruz, 1:50), antiGc5 rabbit polyclonal (Santa Cruz, S14, 1:100), anti-Ric-8A rabbit polyclonal (kind gift from Dr. G. Tall, University of Rochester, 1:20,000 or Abcam, 1:1,000 for WB or 0.5 mg for IP), anti-phospho Histone H3-Serine 10 (Cell signaling, 1:1,000), antiphospho serine (Cell signaling, 1:300), anti-Vps34 (Echelon, 1:1,000) and anti-Vps15 (Bethyl, 1 mg for IP and Abcam, 1:1000 for WB). Secondary antibodies used for western blotting were a polyclonal anti-mouse Ig conjugated to horseradish peroxidase and a polyclonal anti-rabbit Ig similarly conjugated from Cell Signaling (1:20,000). For Immunoprecipitation experiment Trueblot ß horseradish peroxidase polyclonal anti-rabbit IgG or antimouse IgG from EBiosciences were used at a 1:10,000 dilution. Primary antibodies used for immunofluorescence were as follows: anti-Ric-8A rabbit polyclonal (Dr. G. Tall, University of Rochester, 1:2,000); anti-Ric-8A rabbit polyclonal (Abcam, 1:100); anti-Vps34 rabbit polyclonal (Echelon, 1:200) and antiCy3 conjugated a-tubulin antibody (Sigma, 1:1,000). The secondary antibodies used for immunofluorescence were the following: polyclonal anti-mouse Ig Alexa 488 or Alexa 568 conjugated (Invitrogen, 1:1,000); polyclonal anti-rabbit Ig Alexa 488 or Alexa 568 conjugated (Invitrogen, 1:1,000).
Plasmids and siRNA
All the siRNA knockdowns were performed in HeLa cells by following a previously described protocol [15] . Briefly, cells were seeded at day 0, Amaxa kit R-nucleofected (program O-005) with 20 nM per 25 cm 2 of siRNA at day 1, grown for 48 h, nucleofected with the same protocol at day 3 and analyzed at day 4. RGS14 siRNA silencing was performed using three RGS14 siRNAs (AACGGGCGCAUGGUUCUGGCU; AACCGAG-GAGCAGCCUGUGGC; AAGGCCUGCGAGCGCUUC-CAG). For Ric-8A, GRK2 and LGN siRNA silencing, ON-TARGET plus SMARTpool L-016121-01-0005, L-004325-00-0005 and L-004092-00-0005 were respectively used (nt sequences for Ric-8A: GGGGAGAUGCUGCGGAACAUU; AGAA-CUUUCCAUACGAGUAUU;
AGGAUGCCAUGUGCGA-GAUU; CAGAGGAGUUCCACGGCCAUU based on Genbank accession number NM_021932.4; nucleotides sequence for GRK2: GGGACGUGUUCCAGAAAUU; GCUCGCAUCC-CUUCUCGAA;
GGAAUCAAGUUACUGGACA; GCGAUAAGUUCACACGGUU based on Genbank accession number NM_001619; nucleotides sequence for LGN: UGAAG-GUUCUUUGACUUA;
ACAGUGAAAUUCUUGCUAA; CUUCAGGGAUGCAGUUAUA; GAACUAACAGCACGA-CUUA based on Genbank accession number NM_013296).
The siCONTROL Non-Targeting siRNA Pool #1 was used for control siRNA transfections and Ga i1/3 siRNA CCGAAUGCAU-GAAAGCAUG were purchased from Dharmacon.
For shRNA, hairpin primers for Ric-8A (GCTGCTATGCT-GACATCTCTTTCAAGAGAAGAGATGTCAGCATAG-CAGTTTTTTACGCGT) or control (GTGGACAGCTTCAT-CAACTATTCAAGAGATAGTTGATGAAGCTGTC-CATTTTTTACGCGT) were subcloned into pSIREN-DsRed vector.
Plasmids encoding for GFP-Ric-8A, Ric-8A-Cherry, GFP-Ric-8A-Cherry, Ric-8A-CFP, RLuc-Ric-8A were subcloned from previously described pcDNA-Ric-8A vector [8] . Mutagenesis of Ric-8A was performed according Stratagene recommendations using the following primers (S501A:AGCCAATGGG-GATGGCTCCCCGGGGTCATC and GATGACCCCGGG-GAGCCATCCCCATTGGCT;  S501D:CAGCCAATGGG-GATGGATCCCCGGGGTCATCT  and  AGATGACCCCGGGGATCCATCCCCATTGGCTG; S88A:  CACCAGCCGCCAGGCCCTGCAGGCACTA  and  TAGTGCCTGCAGGGCCTGGCGGCTGGTG; S155A:CTG-TACCGTGAGAGGGCCTTCCCCCACGATGT  and  ACATCGTGGGGGAAGGCCCTCTCACGGTACAG;  S155D:GCTGTACCGTGAGAGGGACTTCCCCCAC-GATGTC  and  GACATCGTGGGGGAAGTCCCTCT-CACGGTACAGC) .
All vectors were verified by sequencing (MWG-Eurofins). Ubiquitin-AA-Venus plasmid was a kind gift from Dr. K. Pfleger (University of Western Australia). YFP-tagged Ga i3 wt or Ga i3 Q204L plasmids were previously used [13] . Photo-activable GFP plasmid (PA-GFP) was a kind gift from Dr. J. Lippincott-Schwartz (National Institutes of Health, USA). mCherry-Tubulin plasmid was a kind gift of Dr. P. Wedegaertner (Thomas Jefferson medical school, USA). 2XFYVE-GFP was a kind gift from Dr H. Stenmark (University of Oslo, Norway), and AKT-PH CFP was a kind gift from Dr. G. Bismuth (Universite Paris Descartes, France).
RNA Isolation and Real-time PCR
RNA was isolated using the RNeasy RNA isolation kit (Qiagen) according to the manufacturer's instructions. cDNA was synthesized using oligo(dT) and Omniscript RT (Qiagen). Expression of Ric-8A, LGN, RGS14, GRK2, Ga i3 and b-actin were quantified by SybrGreen quantitative PCR using following primers:
Ric-8A F CTGAAGGCCCAGGTGCTGCC, Ric-8A R AC-CCTCCCGGTCACAGGGTT,
LGN F CCGCGCTGGCGTGTCATTCT, LGN R TCCTGGGGAC-CAGGGCAACC, GRK2 F CAAGAAAGCCAAGAACAAG-CAGC, GRK2 R GCGCGGCTTGTTCTTCATCTTGG, RGS14 F TCCAAAGCCCGTGACAAATCTCC, RGS14 R TGAGTCGGTGGTGGAGTTCAAGG, Ga i3 F CGGCAGTG-GAGCGAAGCAAGATG, Ga i3 R TGACTCCTTCTTCAG-CACTGCCAGC, b-Actin F CGACAACGGCTCCGGCATGT and b-Actin R TGGGCCTCGTCGCCCACATA.
All results are expressed as 2 2DDCt , where DDCt = (Ct target 2 Ct b-actin ) for treated samples 2 (Ct target 2 Ct b-actin ) for control cells. Ct stands for Cycle threshold. Data are shown as the means 6 sem.
Microscopy
HeLa cells were grown on 35-mm plates (MatTek), fixed with 4% paraformaldehyde in PBS for 20 min and permeabilized with 0.2% Triton-PBS or fixed in Methanol/Acetone for 5 min depending on the antibodies used. After blocking for 1 h in 5% BSA in PBS-0.05% Tween 20, the plates were incubated 1 h with the appropriated antibody at 4uC. Cells were imaged on a Leica DMIRBE inverted microscope equipped with a TCS SP5 confocal scanner and a 6361.32 NA (Numerical Aperture) objective (Leica Microsystems). Deconvolution of z-stacks was achieved with Huygens software (Scientific Volume Imaging) and 3D reconstruction of deconvoluated images with the Imaris software (Bitplane). Imaris wizard to detect spots was used to quantify 2XFYVE-GFP positive vesicles (threshold of 0.8 mm diameter and intensity 1.5 fold higher than background). Live cell imaging was performed on the same microscope but a 37uC chamber, an objective heater and a 5% CO 2 chamber were added to the system. Cells were placed in phenol red free media the day before imaging them.
FLIM (Fluorescence Lifetime Imaging Microscopy)
FLIM measurements were undertaken with a 636 1.32 NA Leica oil objective lens on a multiphoton Leica TCS SP5 confocal microscope. Time-resolved detection is afforded by the addition of a non-descanned detection channel with a fast photomultiplier and SPC830 time-correlated single-photon counting electronics (Becker and Hickl GmbH, Berlin, Germany). Laser power was adjusted to give an average photon counting rates of the order 10 4 -10 5 photons s 21 with peak rates approaching 10 6 photons s 21 , below the maximum counting rate afforded by the TCSPC electronics to avoid pulse pile-up. Acquisition times of the order of 120 s at low excitation power (1%) were used to achieve sufficient photon statistics for fitting, while avoiding significant photobleaching. Excitation was at 850 nm for EGFP lifetime measurements. Fluorescence intensity was fitted to mono-exponential decay curves on SpcImage 2.9 (Becker and Hickl GmbH, Berlin, Germany) and Fluorophore lifetime (t) was determined.
FRAP Microscopy
A Leica TCS SP5 confocal microscope was used with a 636 1.32 NA objective and Leica TCS software was used to control the FRAP experiment (Leica Microsystems GmbH, Wetzlar, Germany). Electronic zoom was 20-32, confocal pinhole 1.5-2 airy units for bleaching and zoom 5 for scanning and speed was kept constant at 700 mHz. EYFP and mCherry were excited using 514 nm and 561 nm laser lines, and emitted light collected at 520-555 nm and 590-750 nm (EYFP and mCherry imaging, respectively). For FRAP experiments, laser power within this ROI was increased to 100% during a single bleaching frame, otherwise it was kept at low levels (5-10%). No Frame averaging was used. After photobleaching, the recovery is recorded for up to 5 min at 5 s intervals. The fluorescence intensity in the region of interest (ROI) over time is saved as a table using the software. From this, each data point was normalized to the fluorescence intensity before bleaching to get the relative fluorescence intensity in a region of interest. The fluorescence recovery curve is fitted by single exponential function, given by F(t) = A(1-e 2t/t )+B where F(t) is the intensity as a function of time t; A and B are the amplitudes of the timedependent and time-independent terms, respectively; t is the lifetime of the exponential term (time constant), and the recovery rate is given by R = 1/t.
Western Blotting and Immunoprecipitation
Transiently transfected HeLa cells growing in T25 flasks were lysed on ice for 1 h in 50 mM HEPES, pH 7.4, 250 mM NaCl, 2 mM EDTA, 1% NP40, 10% glycerol, containing Complete TM protease inhibitors (Roche) and supplemented with 100 mM orthovanadate sodium. After centrifugation at 130006g for 10 min, the supernatant was collected and protein concentration determined (OD l = 280 nm measurement Nanodrop, ThermoScientific). For immunoprecipitation, supernatants (50 mg) were incubated with 1 mg anti-GFP antibody (Cell Signaling), 0.5 mg antip190 antibody (Invitrogen), 0.5 mg anti-Vps34 (Echelon) antibody, 0.5 mg anti-Vps15 antibody (Bethyl) or 0.5 mg anti-Ric-8A antibody (Abcam) overnight at 4uC and then incubated with protein G-Sepharose (Sigma) beads for 1 h at 4uC. After centrifugation, the immuno-bead-bound material was washed three times with lysis buffer. The immunoprecipitates were resolved on 4-20% Tris-Glycine gels. After transfer on nitrocellulose, blots were probed with the appropriate antibodies. Immunoblots were revealed by luminescence (ECL, Amersham Bioscience).
BRET (Bioluminescence Resonance Energy Transfer) Assays
HeLa cells were transfected with 100 ng/well of the DNA construct coding for BRET donor (RLuc Ric-8A) and increasing (100-1000 ng/well) amounts of the construct coding for BRET acceptor (Ubiquitin AA-Venus or empty plasmid). DNA amount was kept constant using an empty pcDNA3.1 plasmid (Invitrogen). 24 h after transfection, cells were detached with phosphatebuffered saline/EDTA (10 mM), washed in phosphate-buffered saline and resuspended in Hanks Buffer Salt Solution. Aliquots of 10 5 cells were distributed in 96-wells microplates (White Optiplate, PerkinElmer, for BRET measurement, Black Optiplate, PerkinElmer, for fluorescence measurement). The luciferase substrate, coelenterazine h (Promega), was added at a final concentration of 5 mM, and emitted luminescence and fluorescence was measured simultaneously using the Mithras tm fluorescence-luminescence detector (Berthold, High efficiency BRET filters used 480 BP 20 nm and 540 BP 40 nm). Cells expressing BRET donors alone were used to determine background. The BRET ratio was calculated as: (emission at 540 nm/emission at 480 nm) after addition of coelenterazine h. For better readability, results were expressed in milli-BRET units (mBRET), 1 mBRET corresponding to the BRET ratio multiplied by 1000. BRET ratio were plotted as a function of (YFP/YFP 0 )/(Rluc/Rluc 0 ), where YFP is the fluorescence signal at 530 nm after excitation at 480 nm, and Rluc the signal at 480 nm after addition of coelenterazine h. YFP 0 and Rluc 0 correspond to the same values in cells expressing the Venus fusion protein alone or the RLuc fusion protein alone respectively.
Abscission Assay
Abscission assay was adapted from Steigemann and colleagues' work [16] . Briefly, HeLa cells were grown in DMEM for 24 h in a Petri dish (MatTek). They were transfected using GeneJuice (EMD biochemicals) with the photo-activable GFP plasmid (PA-GFP). Cells were observed 24 h after transfection in a cell chamber maintained at 37uC, 5% CO 2 on a Leica TCS SP5 AOBS confocal microscope with a 663 oil lens. Focusing on metaphase cells using transmission light imaging, it was verified that imaging at 488 nm (Argon laser power at 30%) with a 64 frames average did not induce activation of GFP on a single section or Z series before activation. Activation of GFP was induced during telophase by a single laser pulse at 405 nm using 100% of the laser diode during 50 ms focused in an approximately 5 mm 2 area of 1 sister cell. This time allows only a sufficient photoactivation to detect a significant GFP signal. The delay between activation and recording of the first activated GFP images was 120 ms. After activation, the GFP signal was collected on single section at 15 s intervals during 8 min. This cycle of photoactivation and recording were repeated 10 times to cover the whole length of mitosis. To minimize photobleaching when recording the signals at 488 nm, only one image at 15% full power of an argon laser was used (5126512 pixels). Photomultiplier gain and offset values were kept constant for the image acquisitions. Quantification of the mean PA-GFP signals in the region of interest in the photoactivated sister cell and in a region of the same size in the nonphotoactivated sister cells was established by ImageJ software (National Institutes of Health, Bethesda, MD, U.S.A., http://rsb. info.nih.gov/ij).
Cell Synchronization
For synchronization studies, HeLa cells were grown at 80% confluence and after 4 to 6 h were blocked at the G 1 /S boundary by exposure to 2 mM thymidine (Sigma) for 14 h. The cells were then washed three times with phosphate-buffered saline solution, and normal growth medium was added. After 11 h, 2 mM thymidine was added for an additional 14 to 16 h. The cells were then washed three times with phosphate-buffered saline, and normal growth medium was added. This time point, corresponding to the G1/S transition, was designated time zero. G2/M enrichment was performed using nocodazole treatment (1 mM, 16 h).
Flow Cytometry
At 48 h after transfection, HeLa cells were harvested and fixed with ice-cold 70% ethanol. After 30 min incubation with RNase at 37uC, cells were stained with propidium iodide (50 mg/ml) and/or phospho histone H3-ser10 FITC conjugated (EMD millipore, 1:100) and cell cycle data were acquired with a FACS CANTO (Becton-Dickinson) and multinucleation or analyzed using FlowJo software.
Cell Sorting
HeLa cells were harvested and stained with DRAQ5 (50 nM) for 10 min. Cells were washed and sorted according to the cell cycle data with a FACS ARIA cell sorter (Becton-Dickinson). Equal number of sorted cells was resuspended in 10 mL of lysis buffer per 10 5 cells (50 mM HEPES, pH 7.4, 250 mM NaCl, 2 mM EDTA, 1% NP40, 10% glycerol, containing Complete TM protease inhibitors (Roche)).
ELISA Based VPS34 Activity
Vps34 activity was assessed by ELISA according manufacturer recommendations (Echelon). Briefly, HeLa cells were lysed in 1% NP-40 lysis buffer (20 mM Tris pH = 7.5, 137 mM NaCl, 1 mM MgCl 2 , 10 mM MnCl 2 , 1 mM CaCl 2 , 100 mM NaF, 10 mM bglycerophosphate, 100 mM Na 3 VO 4 , 10% glycerol, protease and phosphatase inhibitor cocktails). IP was performed with antiVps34 antibody (Echelon). Beads (associated with purified proteins) were washed in lysis buffer three times, followed by three washes in washing buffer (100 mM Tris-HCl pH = 7.5, 500 mM LiCl, 100 mM NaF, 10 mM b-glycerophosphate, 100 mM Na 3 VO 4 ) and two washes in (10 mM Tris-HCl pH = 7.5, 100 mM NaCl, 1 mM EDTA, 100 mM NaF, 10 mM b-glycerophosphate, 100 mM Na 3 VO 4 ). Beads were resuspended in 20 ml of reaction buffer (10 mM Tris pH = 8, 100 mM NaCl, 1 mM EDTA, 10 mM MnCl 2 supplemented with 50 mM ATP prior to use), followed by addition 4 ml of freshly resuspended phosphatidylinositol (500 mM). Beads were incubated for 2 h min at room temperature. Reaction was terminated by quenching the kinase activity by adding 5 mL 100 mM EDTA and dilute in detection buffer (Echelon bioscience, K3004). PtdIns(3)P detection was revealed by a competitive ELISA (reaction products are added to the PtdIns(3)P-coated microplate for competitive binding to a PtdIns(3)P detector protein). The amount of PtdIns(3)P detector protein bound to the plate is determined through colorimetric detection (absorbance at l = 450 nm). ELISA conditions were set up to give a specific and sensitive signal where values above 0.5 pmol in 100 mL were in the linear range of detection.
Statistical Analysis
Data are expressed as a mean value 6 s.e.m. All results were confirmed in at least three independent experiments. Data were analyzed using Student's t test or ANOVA and p,0.05 (noted with *) was considered statistically significant.
Results
Ric-8A Protein Expression is Increased during G2/M Phase, Phosphorylated, and Ubiquitinated
To better understand the functional role of Ric-8A in cell division, we employed HeLa cells as an in vitro carcinoma cell line model. We first examined Ric-8A expression during different phases of the cell cycle. We found a significant variation with a peak during M phase paralleling the expression of cyclin B1 ( Figure 1A ) both in cells enriched in the G2/M phase following nocodazole treatment and in cells first blocked in G1/S and then released to normal growth conditions. An immunoblot analysis of Ric-8A in HeLa cells sorted for their DNA content confirmed these results ( Figure 1B) . During the course of these experiments, we noted that Ric-8A mRNA level remained unchanged during mitosis ( Figure 1C) , suggesting that Ric-8A expression was controlled post-transcriptionally. A previous study had reported that Ric-8A and several other proteins had potential consensus phosphorylation sites for CDK (S(P)PX[R/K/H motif), CaM kinase family phosphorylation motifs (RXXS(P)), or serine/ proline-dependent protein kinase motifs [17] . Immunoprecipitation of cell lysates enriched for G2/M cells, or not, with a phospho-p190-PR antibody that recognizes the VLPRGLS(P)PARQLL phosphorylated sequence of the progesterone receptor (PR), a known substrate for CDK [18] followed by immunoblotting with a Ric-8A antibody revealed a marked enrichment of phosphorylated Ric-8A during G2/M phase. This increase was markedly reduced by roscovitine or olomoucine, inhibitors of CDK activity [19] (Figure 2A-B) . In order to verify that Ric-8A undergoes serine phosphorylation, we performed the immunoprecipitation in the presence or absence of okadaic acid, a serine phosphatase inhibitor or by blotting Ric-8A immunoprecipitates with a phospho serine antibody. In both case, nocodazole G2/M enriched Hela cells showed an increase in Ric-8A serine phosphorylation ( Figure S1 in file S1). The substitution of the serine at position 501 of Ric-8A with alanine revealed that this amino acid residue is involved in the epitope recognized by the phospho-p190-PR antibody ( Figure 2C ).
Since many cell cycle proteins like cyclin E and D1 are phosphorylation-ubiquitin regulated [20, 21] we checked whether Ric-8A was similarly controlled. To determine whether Ric-8A phosphorylation might alter its ubiquitination status, we measured Ric-8A mono-ubiquitination in live cells by bioluminescence resonance energy transfer (BRET) assay using luciferase tagged Ric-8A and Venus tagged K48A and K63A ubiquitin (the K48A and K63A mutations allow BRET assay and prevent formation of long ubiquitin chains [22, 23] Figure 3A) . We confirmed these observations by coimmunoprecipitation experiments, which showed that both K63-linked and general ubiquitination are decreased in presence of CDK kinase inhibitors ( Figure 3B ). These data indicate Ric-8A is phosphorylated in a cell cycle dependent fashion that likely shapes its post transcriptional regulation during G2/M phase of the cell cycle. The phosphorylation and ubiquitination of Ric-8A during G2/M may lead to its proteasomal destruction and the re-setting of Ric-8A levels for a new G1 phase.
We then examined Ric-8A expression in various cancers compared to normal tissues using a tumor array in which tissue lysates from cancer biopsies or from corresponding non-tumor tissues (age-and sex-matched) were spotted. In 8 out of 14 samples Ric-8A was under-represented in the tumor samples (testis, thyroid, rectum, liver, laryngopharynx, pancreas, stomach and skin Figure S2A -S2C in file S1) compared to normal tissues, whereas it was over-represented in the remaining cancer tissues (uterus, prostate, breast, lung, ovary and cervix, ( Figure S2B -C in file S1). Even in the absence of consistent trends in various transformed tissues, these data suggest that altered Ric-8A protein expression is a frequent event during cancer development.
Ric-8A Undergoes a Conformational Change during Mitosis
A previous study indicated that during mitosis, and parallel with an increase in its expression, LGN undergoes a conformational change that alters its interaction with Ga i subunits [24] . To determine if Ric-8A also undergoes a cell cycle dependent conformational change we constructed a biosensor by fusing the green fluorescent protein GFP to the N-terminus of Ric-8A and the red fluorescent protein mCherry to the C-terminus. We monitored Ric-8A intra-molecular conformational changes in living cells by fluorescence lifetime imaging (FLIM). Förster Fluorescence Resonance Energy Transfer (FRET) between a FRET-donor (GFP in the present case) and a FRET-acceptor (mCherry) accelerates the fluorescence lifetime of the light-excited FRET-donor. The reduction of fluorescence lifetime increases with FRET efficiency. First, we verified that no detectable FRET occurred via inter-molecular transfer between two adjacent Ric-8A molecules and that the observed FRET depended upon the position of GFP and mCherry in the GFP-Ric-8A-mCherry biosensor ( Figure S3A -B in file S1). HeLa cells expressing the biosensor were then examined during different cell cycle phases. Compared to interphase cells the lifetime of GFP progressively decreased during mitosis reaching a minimal value during the latetelophase/cytokinesis stage (from 2.2860.06 ns to 2.1160.09 ns) ( Figure 4A-B) . At a sub-cellular level, we examined the 3 major areas in which Ric-8A localizes in mitotic cells; the cell cortex, centromeres, and the inter-chromosomal area that contains the midbody [8] . The highest change of fluorescence lifetime was observed in the inter-chromosomal area suggesting that a major conformational change in Ric-8A occurred upon its localization to the midbody (Figure 4A-4C ).
Ric-8A Inhibition Increases the Length of the Intercellular Bridge, Delays Abscission Time and Promotes Multinucleation
The Ric-8A biosensor results prompted us to focus on a potential role for Ric-8A in cytokinesis. We used Ric-8A siRNAs to reduce Ric8A protein expression. Immunoblot revealed a 70% decrease in protein expression without affecting Ga i3 protein expression ( Figure 5A ) and the Ric-8A immunofluorescent signal at the midbody disappeared upon Ric-8A siRNA treatment ( Figure 5B ). As we had previously noted extended intercellular bridges following PTX treatment [13] , we checked the lengths of intercellular bridges between dividing cells following reduced Ric-8A expression. Compared to control cells the intercellular bridge lengths were increased on average by 3.2 mm (Figure 5B-C) . Furthermore, 10% of the dividing Ric-8A siRNA treated cells had intercellular bridges that spanned 18 mm or more ( Figure 5C ). In the absence of a significant difference in the mitotic index or in the intercellular bridge index (Figure 5D ), the increased intercellular bridge length likely results from an abscission defect. To validate this hypothesis, we measured the cell attachment time using a previously described assay [16] ( Figure S4A -C in file S1). Using this approach, the mean time that cells remained attached was delayed by 36% in the siRNA Ric-8A treated cells ( Figure 5E ). To confirm those results, we indirectly measured AuroraB kinase activity, a key player during abscission [25] by evaluating the phosphorylation of one of its substrate (histone H3). Western blot ( Figure 5F ) or flow cytometry (Figure5G) techniques showed that Hela cells depleted for Ric-8A protein expression displayed a decrease in Aurora B kinase activity. Since a complete failure of abscission often results in multinucleated cells, we checked whether Ric-8A depletion affected the percentage of multinucleated cells in the culture. We found a significant increase in the number of multinucleated cells, which reached 6.161.7% ( Figure 5H ). This value was comparable to the one achieved by interfering with the expression of RGS14 (Figure 5H ), an RGS protein involved in cytokinesis [13] . These results indicate Ric-8A is needed for normal abscission, although not indispensable as abscission occurred in the majority of dividing cells despite the lowered Ric-8A levels.
Inhibition of Ric-8A or Ga i Activity Decreases the Production of PtdIns(3)P in a Vps34 Activity Dependent Manner
Since Ric-8A, Ga i proteins, and RGS14 are located at the midbody and impaired cytokinesis resulted from blocking Ga i nucleotide exchange or inhibiting their expression, we sought to understand the mechanism by which non-canonical G-protein signaling affected cytokinesis. We focused on the activity of Vps34 (vacuolar protein-sorting 34), a class III family member of PI3Ks, which generates phosphatidylinositol-(3)-phosphate (PtdIns(3)P). PtdIns(3)P controls cytokinesis by recruiting a centrosomal protein FYVE-CENT and its binding partner TTC19, which interact with CHMP4B, an ESCRT-III subunit implicated in the abscission step of cytokinesis [26] . To determine if Ric-8A signaling altered the accumulation of PtdIns(3)P in dividing HeLa cells, we expressed GFP-2X-FYVE, a biosensor that binds specifically to PtdIns(3)P [27] . We then treated the cells either with PTX, transfected them with a shRNA targeting Ric-8A, or with siRNAs targeting LGN. In all cases the recruitment of GFP-2X-FYVE to Lysates from nocodazole G2/M enriched GFP, GFP-Ric-8A wt, GFP-Ric-8A S88A, GFP-Ric-8A S155A or GFP-Ric-8A S501A expressing HeLa cells were immunoprecipitated using anti-phospho-p190 antibody, resolved on a Tris-glycine gel, and immunoblotted for Ric-8A. doi:10.1371/journal.pone.0086680.g002 the midbody was reduced compared to the respective control conditions ( Figure 6A -B, Movies S1, S2, S3). To confirm these results, we examined the accumulation of PtdIns(3,4)P2, the product of PtdIns(3)P phosphorylation. It can be visualized with AKT PH -CFP, a biosensor consisting of the pleckstrin homology (PH) domain of AKT fused to CFP. While AKT PH -CFP binds both PtdIns(3,4,5)P3 and PtdIns(3,4)P2 [28] , as PtdIns(3,4,5)P3 only accumulates at the polar regions [29] at the onset of cytokinesis, the recruitment of AKT PH -CFP to the midbody mostly reflects PtdIns(3,4)P2 levels [30] . We observed that both PTX treatment and a reduction in Ric-8A expression inhibited AKT PH -CFP recruitment to the midbody region (Movies S4-S5). These results implicate non-canonical G-protein signaling as an important regulator of PtdIns(3)P production during cytokinesis.
A major reason why we focused on PtdIns(3)P is because the Ga i homolog in yeast Gpa1 interacts directly with Vps34 in the endosomes to stimulate PtdIns(3)P production [31] . We confirmed that human Ga i associates with the Vps34 complex as YFP labeled Ga i3 and its constitutively active mutant YFP-Ga i3 Q204L both efficiently pulled down human Vps34 ( Figure 7A ). We also documented that Ric-8A and Vps34 colocalized to the midbody during cytokinesis, and that endogenous Ric-8A co-immunoprecipitated with Vps34 ( Figure 7B -E) in a PTX insensitive fashion ( Figure 7E ). To provide direct evidence of the role for Ric-8A and Ga i in the regulation of Vps34 activity, we measured the ability of immunoprecipitated Vps34 to generate PtdIns(3)P under various experimental conditions. We found that PTX treatment or a reduction of Ric-8A levels by RNA interference impaired the production of PtdIns(3)P in asynchronous and G2/M arrested HeLa cells ( Figure 7F ). These data indicate that Ric-8A, Ga i , LGN, and Vps34 localizations at the midbody help to coordinate PtdIns(3)P production and cytokinesis completion.
Discussion
Our study has shown that in a cancerous cell line, Ric-8A expression level varied during the cell cycle reaching its maximum level at mitosis. A FRET biosensor revealed that Ric-8A undergoes cell cycle dependent changes in its conformation which are most pronounced in the inter-chromosomal area during the later stages of cell division. Confocal microscopy localized Ric-8A along with LGN, Ga i proteins, and RGS14 at the cleavage furrow and midbody. Interference with the expression of Ric-8A, as has been previously shown following knock-down of LGN, RGS14 or Ga i proteins, also result in a cytokinesis defect. Finally, we tied the Ric-8A and Ga i nucleotide exchange to regulation of the phosphatidylinositol 3-kinase activity of Vps34, which is known to participate in cytokinesis.
The importance of mitotic spindle orientation in cancer stem cell biology and the increased frequency of tumor cell multi-nucleation make Ric-8A a candidate for involvement in the transformation of normal cells to cancerous but we didn't find any trends in Ric-8A protein expression during oncogenesis. Here we found overexpression of Ric-8A proteins in several primary breast cancer tissues, although another study reported a classical double hit genetic inactivation of Ric-8A in a breast cancer cell line and reduced mRNA levels in a subgroup of aggressive TP53 mutant breast cancers [32] . However, we have found that Ric-8A mRNA expression is a poor indicator of Ric-8A protein expression. During the screening of the tumor array, we noted high Ric-8A protein levels in normal testis, a site of rapid cell proliferation. Yet Ric-8A mRNA expression in testis is similar to many non-proliferative tissues. Testing Ric-8A levels as a function of cell cycle position resolved this discrepancy, as we noted a potent upregulation of Ric-8A protein expression during the G2/M phase of the cell cycle.
LGN mRNA expression has also been reported to be elevated in human breast cancer tissues, but low in highly proliferative tissues such as testis [24, 33, 34] . In the breast cancer cell line T47D both LGN mRNA and protein expression increased in G2/M cells, suggesting that increased mRNA transcription and/or stability accounted for the protein increases [24, 33] . In contrast to the reported low level of LGN mRNA in testis, querying the Immunological Genome project revealed elevated LGN mRNA expression in rapidly proliferation lymphocytes such as germinal center B cells and double positive thymocyte blasts; and a strong correlation with the expression of other cell cycle dependent genes (http://www.immgen.org/ databrowser/index.html). This contrasted with Ric-8A whose mRNA expression varied little between highly proliferative and non-proliferating cells. Together these data indicate that both Ric-8A and LGN protein increase in G2/M phase although via different mechanisms.
We observed a high level of Ric-8A phosphorylation in G2/M phase cells, this observation confirmed previous studies [17] and our site directed mutagenesis correlated phosphoproteomic screen coupled to mass spectrometry identification of serine 501 as a substrate for phosphorylation during mitosis [35] [36] [37] . Interestingly, we found that this phosphorylation is, at least partially, responsible for Ric-8A ubiquitination that could explain how at a cellular level, HeLa cells can send a molecular signal to reset the amount of Ric-8A protein to start a new G1 phase. The fact that the half-life of Ric-8A is shorter than cell doubling time (t = 14.562 h in MEF [3] compare to 20-28 h of MEF doubling time) is compatible with this kind of regulation.
During mitosis, particularly during the cytokinesis stage, we showed that N-and C-termini of Ric-8A moved closer, suggesting a closed state for its conformation. Ric-8A contains multiple helical domains and is predicted to contain 10 armadillo repeats [38] . We tested whether the Ric-8A conformational change depended upon the nucleotide binding status of Ga i or the phosphorylation of Ric-8A at serines 155 or 501 ( Figure S5A -B in file S1), however, we found no evidence to support those possibilities. We also examined whether reducing Ric-8A affected Ga i mobility at the midbody area, but we did not observe any change in the kinetic and mobile fraction of Gai [1] [2] [3] at that site ( Figure S6A -C in file S1). Du and Macara used an LGN biosensor to suggest that LGN unhinges during the formation of the LGN/ Ga i complex [24] . The Ric-8A conformation change at cytokinesis may also be secondary to an altered interaction with a binding partner such as Vps34, LGN, RGS14, or Ga i [13] .
Originally identified in yeast and named for its role in vesicular transport [39] , Vps34 binds GTP-bound Gpa1, a yeast Ga i homolog, which promotes increased PtdIns(3)P production [31] . A model in which a Gb-like protein (Vps15) exists in a preformed complex with the effector enzyme Vps34, and Ga shuttles between these components during a cycle of activation and inactivation has been proposed [31] . Our data indicate that the association of Ga i with a human Vps34 complex is evolutionarily conserved, however the specific interactions are likely different. In human cells, a non-canonical signaling pathway employing Ric-8A, Ga i , and LGN function as a molecular switch to regulate the nucleotide status of Ga i and the functional output of Vps34 during cytokinesis. Complexes immunoprecipitated by antibodies directed at either human Vps34 or Vps15 pulled down each other as expected, but also Ga i subunits and Ric-8A ( Figure S7 in file S1 ). There are however several questions which need resolution: How do Ga i and Ric-8A bind to the Vp34/Vps15 complex? Is LGN part of the complex? LGN could serve to anchor Ga i and the Figure 6 . Inhibition of Ric-8A or Ga i activity decreases the recruitment of PtdIns(3)P sensor. (A) Snapshots from live cell imaging of GFP-2XFYVE accumulation at the cytokinesis stage. HeLa cells were transiently transfected with GFP-2XFYVE and a-tubulin-RFP (vehicle versus PTX, 2 left panels); GFP-2XFYVE and DsRed-shRNA control or shRNA Ric-8A (middle two panels); or GFP-2XFYVE, a-tubulin-RFP and siRNA control or siRNA LGN (right two panels). Scale bar is 5 mm. Full length movies are available in (movies S1, S2, S3). (B) The number of GFP-2XFYVE vesicles was quantified from at least 12 cells in 3 independent experiments and represented on a whisker graph (quartile) where+represents the mean for each condition (*, p,0.05). doi:10.1371/journal.pone.0086680.g006
LGN/Ga i complex serve as a substrate for Ric-8A triggered nucleotide exchange. Does human Vps15 serve as a Gb-like protein as it does in yeast [31] ? Ric-8A cannot trigger Ga i nucleotide exchange when Ga is bound to Gbc suggesting that a Vps15/Ga i complex might be insensitive to Ric-8A activity. For several reasons, we do not think that loss of Ric-8A chaperone activity for Ga i subunits [3] could be responsible for the lack of Vps34 activity when Ric-8 expression was inhibited. First, the inhibition of LGN expression resulted in the same phenotype as the use of Ric-8A siRNA or PTX treatment. Second, PTX has been shown to inhibit the GEF activity of Ric-8A without inhibiting its chaperone activity making it unlikely that PTX treatment affected Ga i levels [40] . Third, Ga i3 protein expression did not decline when Ric-8A expression was decreased ( Figure 5A ). Likely the duration of the Ric-8A knock-down was insufficient to cause a decrease in Ga proteins levels. While further studies are needed to resolve the above questions, our data indicate that the Ga i activation and inactivation cycle catalyzed by Ric-8A can regulate cytokinesis.
A further question is how Ga i proteins and Ric-8A are targeted to the midbody area to regulate Vps34 activity? Cytokinesis requires extensive and tightly regulated trafficking of endosomal and exocytic vesicles to the intercellular bridge [41] . This provides a mechanism for the delivery of membrane associated Ga i proteins
